Han et al. Nanoscale Research Letters 2014, 9:104 
http://www.nanoscalereslett.conn/content/9/1 /1 04 



O Nanoscale Research Letters 

a SpringerOpen Journal 



NANO EXPRESS Open Access 



Development of an aptamer-conjugated 
fluorescent nanoprobe for l\/ll\/IP2 

Myoung-Eun Han^'^, Sungmin Baek^'^, Hyun-Jung Kinn\ Jung Hwan Lee^, Sung-Ho Ryu^ and Sae-Ock Oh^" 



Abstract 

Matrix metalloproteinase 2 {hAhAPT) plays critical roles in various diseases, such as atherosclerosis and cancer, and 
has been suggested to contribute to the instability of atherosclerotic plaque. To visualize !\A!\AP2 in pathologic 
tissues, we developed an aptamer targeting protein by performing eight rounds of modified DNA systematic 

evolution of ligands by exponential enrichment (SELEX). The aptamer showed high affinity for MMP2 {K^ = 5.59 nM), 
precipitated !\A!\AP2, and detected !\A!\AP2 protein in pathological tissues such as atherosclerotic plaque and gastric 
cancer tissues. Furthermore, a !\A!\/\P2 aptamer-conjugated fluorescent nanoprobe successfully visualized atherosclerotic 
plaques in apolipoprotein E (ApoE) knockout mice. These results suggest that the devised !\A!\AP2 aptamer could 
be useful for the development of various diagnostic tools. 
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Background 

Matrix metalloproteinases (MMPs) are zinc- and calcium- 
dependent proteolytic enzymes [1,2]. MMPs can digest 
extracellular matrix proteins, such as collagen and fibro- 
nectin, and many other proteins, such as proteinases, 
growth factors, cytokines, chemokines, and cell receptors 
and thus regulate their activities. MMP was first identified 
in 1962 [3], and since then, other MMPs have been 
identified. Interestingly, whereas many MMPs are se- 
creted by cells, others are anchored on cellular mem- 
branes. Members of this family play important roles in 
various cellular processes, such as migration, differenti- 
ation, and proliferation. Furthermore, they have been 
associated with pathophysiologies of various diseases, 
such as cancer, atherosclerosis, and arthritis. 

During the progression of atherosclerosis, inflamma- 
tory cells such as monocytes and lymphocytes [4] play 
critical roles. Monocytes are recruited into atherosclerotic 
sites and differentiate into macrophages. After excessive 
lipid uptake, they become foamy cells. Notably, plaque 
macrophages secrete critical molecules such as MMPs 
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and prothrombotic tissue factor. Then, MMPs destabilize 
atherosclerotic plaque by degrading extracellular matrix 
[5,6]. In addition to the roles in atherosclerosis, MMPs 
can aid the metastasis of cancer cells [2,7]. 

Information about the stability of atherosclerotic plaque 
is critical for the stratification and management of patients 
[8], and unfortunately, anatomical imaging modalities, 
such as CT or MRI, do not provide this type of informa- 
tion. Because MMPs are associated with the stability of 
atherosclerotic plaque, their visualization will be helpful in 
the stratification and management of patients. 

The above mentioned actions of MMPs encouraged us 
to develop a molecular imaging modality that specifically 
targets MMP molecules. As compared with antibodies, 
ap tamers have several beneficial characteristics, such as 
low immunogenicity, low molecular weight (8 to 15 kDa), 
high stability, better penetration, high affinity, and ease 
of production [9]. From these reasons, we decided 
to develop a MMP2-specific aptamer. By performing 
modified DNA systematic evolution of ligands by expo- 
nential enrichment (SELEX), we successfully developed a 
MMP2-specific aptamer which had high affinity and 
specificity and showed the possibility that it can be 
applied for molecular imaging. 
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(a) 



TCAGCCGCCAGCCAGTTCCGCCGGAGGAAGGCCAGGAGGGAACCCGGAACGACCAGAGCACCACAGAG 



(b) 





Figure 1 Sequence and secondary structure of the IVIIVIP2 aptamer. (a) Sequence of the 40-nucleotide random region (N40, shaded) and of 
the two constant regions flanl<ing the random region, (b) The hairpin-lil<e secondary structure of the aptamer is presented in the lower panel. 



Methods 

In vitro selection of MMP2 DNA aptamers 

To select MMP2-specific aptamers, a modified DNA 
SELEX procedure was used, as previously described 
[10]. Briefly, an ssDNA library template consisting of a 
40-nucleotide random region (N40) flanked by two 
constant regions was prepared and immobilized on 
streptavidin-coated beads (Pierce, Rockland, MA, USA) 
via its 5'-OH-end biotin. A primer extension was then 
performed using the dATP, dCTP, dGTP, and benzyl- 
dUTP nucleotides. The modified DNA library was 
detached from the template under high pH conditions 



and then incubated with biotin-tagged target, parti- 
tioned using Dynabeads MyOne (Invitrogen, Carlsbad, 
CA, USA) and amplified by conventional PGR using a 
5' -OH terminal biotinylated reverse primer. A pri- 
mer extension was then performed, and an enriched 
pool was prepared for the next round. After eight 
rounds of SELEX, the enriched DNA pool was cloned 
and sequenced using standard procedures. After each 
round of SELEX, binding assays were performed to 
measure the dissociation constant (/Ca) value of the 
aptamer pool to ensure that its value exhibited a 
decreasing trend. 
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Figure 2 Affinity of the IV1IVIP2 aptamer. (a) ^^P-labeled aptamers and different MMP2 protein concentrations were used to examine the 
binding affinity of the MMP2 aptamer. (b) Images of radiolabeled aptamer that interacted with proteins in the binding assay. 
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Figure 3 Precipitation of IVIIVIP2 protein by N\N\P2 aptamer. 


MMP2 protein in buffer containing 10% serum was incubated witli 


tine aptamer (0.2 pg/mi) overniglit at 4°C. Tlie protein was detected 


by immunoblotting witli anti-MMP2 antibody. 



Binding assay 

MMP2 aptamers were assayed for their ability to bind 
recombinant MMP2 (R&D Systems, Minneapolis, MN, 
USA). Aptamers were end-labeled with [a-32P]ATP and 
heated at 95°C for 3 min and then slowly ramped to 
37°C at 0.1°C/s in buffer (40 mM HEPES (pH 7.5), 
120 mM NaCl, 5 mM KCl, 5 mM MgCl2, 0.002% 
tween-20) for aptamer refolding. Aptamers were then 
incubated with purified MMP-2 at various concentrations 



for 30 min at 37°C. In order to capture MMP-2, the solu- 
tion was incubated with Zorbax silica beads (Agilent, 
Santa Clara, CA, USA) for 1 min with shaking. The 
protein bead complex was then partitioned through 
nitrocellulose filter plates (Millipore, Billerica, MA, USA), 
which were then washed in buffer and exposed to 
photographic film. Amounts of radiolabeled aptamer 
that interacted with proteins were quantified using a 
Fuji FLA-5000 Image Analyzer (Tokyo, Japan). Dissoci- 
ation constants were calculated by plotting bound 
MMP2 aptamer versus protein concentration using the 
following equation: Y= B^^JC/{K^-\- X), where ^max is 
the extrapolated maximal amount of bound aptamer/ 
protein complex. 

Precipitation of MMP2 protein by the aptamer and 
western blotting 

A protein solution containing MMP2 protein (R&D 
Systems, Minneapolis, MN, USA) was precleared with 
streptavidin-coupled beads for 2 h. The solution was 
then precipitated with biotin-labeled MMP2 or control 
aptamer at 4°C overnight. Beads were washed four times 
with 1 ml of wash buffer (200 mM Tris at pH 8.0, 
100 mM NaCl and 0.5% NP-40), once with ice-cold 



Anti-MMP2 Antibody ^ Anti-MMP2 Aptamer 




Figure 4 Comparison of the tissue staining abilities of anti-MMP2 antibody and MMP2 aptamer. Normal aorta, atlierosclerotic plaques, 
and gastric cancer tissues were stained with anti-MMP2 antibody and MMP2 aptamer. Similar staining patterns were observed. Scale bar, 100 pm. 
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Figure 5 Specificity of the aptamer by immunohistochemical staining. After incubating tine MMP2 aptamer witli MMP2 protein in PBS at 
room temperature for 2 h, the immnoliistocliemical staining in gastric cancer tissues was significantly reduced. Scale bar, 100 pm. 



phosphate buffered saline (PBS), and boiled in 2x loading 
buffer. Finally, proteins were resolved by SDS-PAGE 
before being probed with MMP2 antibody (AB37150, 
Abeam, Cambridge, England, UK). 

Immunohistochemistry 

Tissue samples were embedded in OCT (Sakura, Japan), 
and 4-(im thin sections prepared using a cryostat 
(CM3050S, Leica, Wetzlar, Germany) were placed on 
poly-lysine-coated microscope slides. The sections were 
then treated with 0.3% hydrogen peroxide for 30 min to 



quench endogenous peroxidase activity. Blocking was 
performed using 10% normal donkey serum (NDS) in Ix 
PBS. MMP2 aptamer or anti-MMP2 antibody (AB37150, 
Abeam, Cambridge, England, UK) binding was performed 
at a dilution of 1:200 in blocking buffer overnight at 
4°C, and secondary antibody (horseradish peroxidase- 
conjugated anti-rabbit, 1:5,000) binding was performed 
for 2 h at RT. The signal was detected with HRP 
(Jackson ImmunoResearch Laboratories, West Grove, PA, 
USA) using the DAB substrate kit (Vector Laboratories, 
Burlingame, CA, USA). Sections were then counterstained 
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Figure 6 Construction of the IVIIV1P2 aptamer-conjugated fluorescent nanoprobe. The MMP2 aptamer was conjugated into magnetic 
fluorescent nanoprobe using EDC. 
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Figure 7 Ex vivo imaging of atherosclerotic plaques using the 
MIVIP2 aptamer-conjugated fluorescent nanoprobe. Atherosclerotic 
plaques were induced by feeding ApoE knockout mice a high 
cholesterol diet for 4 months and were confirmed by oilred 0 
staining (middle panels). Ex vivo imaging was performed 2 h after 
intravenously injecting mice with the MMP2 aptamer-conjugated 
fluorescent nanoprobe. The MMP2 aptamer (right panels) showed 
much stronger signals in atherosclerotic plaques than the control 
aptamer (left panels). 



with hematoxylin, dehydrated, and mounted. The primary 
antibody was omitted from negative control 

Construction of an aptamer-conjugated nanoprobe 

An aptamer-conjugated nanoprobe was produced as pre- 
viously described [11]. MNP@Si02(RITC)-(PEG)/C00H/ 
pro-N/NH2 nanoprobes (MF nanoparticles, 2 mg/mL) 
were purchased from Biterials (Seoul, Korea). The carb- 
oxyl moieties (1.1 x 10^/nanoparticle) of MF nanoparticles 
(size, approximately 50 nm; hydrodynamic diameter, 
58.1 nm) were covalently linked to a 5'-NH2-modified 
MMP2 aptamer using N-(3-dimehylaminopropyl)-N- 
ethylcarbodiimide (EDC) (Sigma, St. Louis, MO, USA). 
After 1 h of incubation, the aptamer-conjugated nanop- 
robe was washed twice with Tris buffer (pH 7.4) and 
briefly sonicated. 

Animal experiments and ex vivo imaging 

To induce atherosclerosis in mice, apolipoprotein E (ApoE) 
knockout mice (Jackson Lab, Bar Harbor, ME, USA) were 
fed with a high cholesterol diet for 16 weeks from 8 weeks 
of age. All mice were housed under specific pathogen-free 
conditions in box cages at 23°C ± 2°C and 60% ± 10% 
humidity under a 12-hlight/12-h dark cycle with free 
access to food and water. Mice were sacrificed at week 
16 of the experimental period. All animal procedures 
were performed in compliance with the Institute of 
Laboratory Animal Research Guide for the Care and Use 
of Laboratory Animals and approved by the Institutional 
Animal Care and Use Committee of Pusan National 
University. Atherosclerotic plaques were visualized by ofl 
red O staining (Sigma). Aortas were removed 2 h after 
intravenously injecting MMP2 aptamer-conjugated fluor- 
escent nanoprobe. Fluorescence from aortas was observed 
with Optix MX3/Optical Molecular Imaging System 
(ART, Montreal, Canada). 

Results and discussion 

To develop a specific aptamer for MMP2 protein, we 
performed a modified DNA SELEX technique as de- 
scribed in the 'Methods' section. To select a high-affinity 
aptamer, we used nucleotides chemically modified by 
benzylaminocarbonyl-dU (Benzyl-dU) at the 5' posi- 
tions, which mimic amino acid side chains. After eight 
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rounds of SELEX, the enriched DNA pool was cloned 
and sequenced according to standard procedures. After 
each round of SELEX, binding assays were performed to 
measure the dissociation constant (/<d) value of the apta- 
mer pool using [a-32P] ATP. The sequence and secondary 
structure of the best aptamer selected in this study were 
presented in Figure 1. The mean ^^ax and values of 
the aptamer were 35% ± 0.8% and 5.59 ± 0.52 nM, 
respectively (Figure 2). 

To determine whether the MMP2 aptamer could be 
used to precipitate the target protein, we performed pre- 
cipitation and then western blotting using anti-MMP2 
antibody. To do this, we biotinylated the aptamer and 
used streptavidin beads for the precipitation. MMP2 in 
buffer containing 10% serum was incubated with the 
biotinylated MMP2 aptamer, and the protein-aptamer 
complex was then precipitated and detected by immuno- 
blotting. The aptamer successfully precipitated MMP2 
protein (Figure 3), whereas the biotinylated control 
aptamer did not (data not shown). 

Next, we examined whether the MMP2 aptamer could 
be applied for immunohistochemical purposes in patho- 
logical tissues, that is, atherosclerotic plaques and gastric 
cancer tissues. In both tissue types, the MMP2 aptamer 
successfully detected MMP2 (Figure 4), whereas the 
control aptamer did not (data not shown). To further 
confirm the specificity of the aptamer for immunohisto- 
chemistry, we performed peptide blocking. Immunohis- 
tochemistry was performed after incubating the aptamer 
for 2 h with the bare protein, and the intensities of posi- 
tive signals were significantly reduced (Figure 5). 

Finally, we used the aptamer for ex vivo imaging. To 
do this, the aptamer was conjugated to fluorescent 
nanoprobe using EDC (Figure 6). To induce atheroscler- 
osis in mice, ApoE knockout mice were fed a high 
cholesterol diet for 4 months. After injecting the aptamer- 
conjugated fluorescent nanoprobe into a tail vein, fluor- 
escent signals from atherosclerotic plaques were observed. 
The presence of atherosclerotic plaques was confirmed 
by oilred O staining. The MMP2 aptamer-conjugated 
nanoprobe produced significantly stronger signals in ath- 
erosclerotic plaques than the control aptamer-conjugated 
probe (Figure 7). 

Many studies have tried to visualize MMP molecules. 
Small molecular MMP inhibitors attached to radioiso- 
topes, such as^^^I, ^^"^TC, and ^^F have been used for 
the imaging of atherosclerotic lesions and myocardial 
infarctions [12-15]. Notably, a peptide substrate, which 
fluoresces when cleaved by MMPs, was used to visualize 
MMP activity [16-18]. However, considerable time is 
required for in vivo imaging using this peptide substrate. 
We considered that aptamers could overcome this prob- 
lem because aptamers bind directly to target proteins. 
In addition, due to its small size and easy chemical 



modification, it can be easily applied to construct new 
nanoparticles as presented in this study ([9], Figure 6). 

The specificity of the MMP2 aptamer produced during 
the present study was confirmed in vitro and ex vivo. 
Precipitation and immunohistochemistry studies demon- 
strated specific protein binding by MMP2 aptamer, and 
in particular, immunohistochemical staining of MMP2 
aptamer was blocked by MMP2 protein. Furthermore, 
ex vivo imaging demonstrated that whereas MMP2 apta- 
mer visualized atherosclerotic plaques, control aptamer 
did not. These results suggest that the devised MMP2 
aptamer has clinical merit. 

Conclusions 

We developed an aptamer targeting MMP2 protein 
using a modified DNA SELEX technique. The devised 
MMP2 aptamer precipitated and detected MMP2 pro- 
tein in pathological tissues, that is, atherosclerotic pla- 
ques and gastric cancer tissues. Furthermore, the MMP2 
aptamer-conjugated fluorescent nanoprobe allowed the 
visualization of atherosclerotic plaques in ApoE knock- 
out mice. These results indicate that the developed 
MMP2 aptamer provides a suitable basis for the devel- 
opment of diagnostic tools. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

ME carried out conjugation of the aptamer into the fluorescent nanoprobe 
and all animal experiments and drafted the manuscript. SM carried out 
immunohistochemistry. HJ carried out western blotting and 
immunohistochemistry. JH and SH carried out SELEX. SO conceived of the 
study, participated in its design and coordination, and helped to draft the 
manuscript. All authors read and approved the final manuscript. 

Acknowledgements 

This work was supported by the Medical Research Center Program 
(NRF-20 10-0005930) and a grant from the National R&D Program for Cancer 
Control, Ministry for Health, Welfare and Family Affairs, Republic of Korea 
(0920050) and Basic Science Research Program through the National Research 
Foundation of Korea(NRF) funded by the Ministry of Education, Science and 
Technology (201 2R1A1A301 0521). Dr. Han ME was financially supported by the 
201 1 Post-Doc Development Program of Pusan National University. 

Autlior details 

^Department of Anatomy, School of Medicine, Pusan National University, 
49 Busandaehak-ro, Mulgeum-eup, Yangsan 626-870, Republic of Korea. 
^Medical Research Center for Ischemic Tissue Regeneration, Pusan National 
University, 49 Busandaehak-ro, Mulgeum-eup, Yangsan 626-870, 
Republic of Korea. ^Medical POSTECH Aptamer Initiative Program, 
Division of Integrative Bioscience and Biotechnology, Pohang University 
of Science and Technology, Pohang 790-784, Republic of Korea. 

Received: 20 November 2013 Accepted: 24 February 2014 
Published: 3 March 2014 

References 

1. Iyer RP, Patterson NL, Fields GB, Lindsey ML: The history of matrix 
metalloproteinases: milestones, myths, and misperceptions. Am J Physiol 
2012, 303:H919-H930. 

2. Hadler-Olsen E, Winberg JO, Uhlin-Hansen L: Matrix metalloproteinases in 
cancer: their value as diagnostic and prognostic markers and therapeutic 
targets. Tumour Biol 2013, 34:2041-2051. 



Han et al. Nanoscale Research Letters 2014, 9:104 
http://www.nanoscalereslett.conn/content/9/1 /1 04 



Page 7 of 7 



3. Woessner JF Jr: Catabolism of collagen and non-collagen protein in the 
rat uterus during post-partum involution. Biochem J 1962, 83:304-314. 

4. Cybulsky Ml, Gimbrone MA Jr: Endothelial expression of a mononuclear 
leukocyte adhesion molecule during atherogenesis. Sci (New York, NY) 

1991,251:788-791. 

5. Jones CB, Sane DC, Herrington DM: Matrix metalloproteinases: a review of 
their structure and role in acute coronary syndrome. Cordiovosc Res 2003, 
59:812-823. 

6. Garcia-Touchard A, Henry TD, Sangiorgi G, Spagnoli LG, Mauriello A, 
Conover C, Schwartz RS: Extracellular proteases in atherosclerosis and 
restenosis. Arterioscler Thromb Vosc Biol 2005, 25:1 1 1 9-1 1 27. 

7. Itoh T, Tanioka M, Matsuda H, Nishimoto H, Yoshioka T, Suzuki R, Uehira M: 
Experimental metastasis is suppressed in MMP-Q-deficient mice. 

Clin Exp Metastasis 1999, 17:177-181. 

8. Shaw SY: Molecular imaging in cardiovascular disease: targets and 
opportunities. Nat Rev 2009, 6:569-579. 

9. Praseetha PK, Thampy AS, Venugopalan P, Chavali MS: Molecular 
nanobiotechnological approaches for the detection and therapy of prion 
related diseases. Nano Biomed Eng 2012, 4:50-57. 

10. Lee YJ, Kim IS, Park SA, Kim Y, Lee JE, Noh DY, Kim KT, Ryu SH, Suh PG: 
Periostin-binding DNA aptamer inhibits breast cancer growth and 
metastasis. Mol Ther 201 3, 21 :1 004-1 01 3. 

11. Do Hwang W, Ko HY, Lee JH, Kang H, Ryu SH, Song IC, Lee DS, Kim S: A 
nucleolin-targeted multimodal nanoparticle imaging probe for tracking 
cancer cells using an aptamer. j A/l/c/ Mec/ 2010, 51:98-105. 

1 2. Schafers M, Riemann B, Kopka K, Breyholz HJ, Wagner S, Schafers KP, Law MP, 
Schober 0, Levkau B: Scintigraphic imaging of matrix metalloproteinase 
activity in the arterial wall in vivo. Circulation 2004, 109:2554-2559. 

13. Su H, Spinale FG, Dobrucki LW, Song J, Hua J, Sweterlitsch S, Dione DP, 
Cavaliere P, Chow C, Bourke BN, Hu XY, Azure M, Yalamanchili P, Liu R, 
Cheesman EH, Robinson S, Edwards DS, Sinusas AJ: Noninvasive targeted 
imaging of matrix metalloproteinase activation in a murine model of 
postinfarction remodeling. Circulation 2005, 112:3157-3167. 

14. Breyholz HJ, Wagner S, Levkau B, Schober 0, Schafers M, Kopka K: A 18 
F-radiolabeled analogue of CGS 27023A as a potential agent for 
assessment of matrix-metalloproteinase activity in vivo. Q J NucI Med Mol 
Imaging 2007, 51:24-32. 

1 5. Lancelot E, Amirbekian V, Brigger I, Raynaud JS, Ballet S, David C, Rousseaux 0, 
Le Greneur S, Port M, Lijnen HR, Bruneval P, Michel JB, OuimetT, Roques B, 
Amirbekian S, Hyafil F, Vucic E, Aguinaldo JG, Corot C, Fayad ZA: Evaluation of 
matrix metalloproteinases in atherosclerosis using a novel noninvasive 
imaging approach. Arterioscler Thromb Vase Biol 2008, 28:425-432. 

16. Chen J, Tung CH, Allport JR, Chen S, Weissleder R, Huang PL: Near-infrared 
fluorescent imaging of matrix metalloproteinase activity after myocardial 
infarction. Circulation 2005, 111:1800-1805. 

1 7. Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger T, Figueiredo JL, 
Libby P, Weissleder R, Pittet MJ: The healing myocardium sequentially 
mobilizes two monocyte subsets with divergent and complementary 
functions. J Exp Med 2007, 204:3037-3047. 

18. Deguchi JO, Aikawa M, Tung CH, Aikawa E, Kim DE, Ntziachristos V, 
Weissleder R, Libby P: Inflammation in atherosclerosis: visualizing matrix 
metalloproteinase action in macrophages in vivo. Circulation 2006, 
114:55-62. 



doi:1 0.1 1 86/1 556-276X-9-1 04 

Cite this article as: Han et al.: Development of an aptamer-conjugated 
fluorescent nanoprobe for MMP2. Nanoscale Research Letters 2014 9:104. 



f ^ 

Submit your manuscript to a SpringerOpen^ 
journal and benefit from: 

► Convenient online submission 

► Rigorous peer review 

► Immediate publication on acceptance 

► Open access: articles freely available online 

► High visibility within the field 

► Retaining the copyright to your article 



Submit your next manuscript at ► springeropen.com 



